This paper presents the results obtained from the studies on turbulent flow and bed deformation around groins with experimental and numerical methods. Two impermeable or permeable groins were positioned on the left side of the model channel. The velocity distributions around the groins were measured under non-submerged conditions. In the case with impermeable groins, the local scour hole around the upstream groin resulted deeper than that of the case with permeable ones. A 3D numerical model based on unstructured meshes was developed. The numerical results for velocity distributions have been compared with those of the experimental measurements and show good agreement with the experimental data.
INTRODUCTION
Study on groin structures is an important research topic for the river basin management. From hydraulic point of view, groins are constructed to keep the river channel stable, for navigation, irrigation system, supplying water and protecting riverbanks from erosion 1), 2) . Nowadays, groins are also constructed in channels for the preservation and maintenance of ecosystems because diversified flow around groins creates conditions suitable for riverbank vegetation and aquatic biota.
Considering permeability of the structure, groins are classified into two types: impermeable ones and permeable ones. The first type is generally constructed using local rocks, gravels or gabions and the second one consists of rows of piles, bamboo or timbers 3) . The two types of groins affect the flow field and sediment transport in different ways and result in various flow patterns and bed morphologies 4) , 5) . However, the hydraulic and morphological impacts of groins are not completely understood. In many cases, deepening of the main channel is a desirable result. While local scour around the groin toes and deposition in the main channel are unwanted with respect to the stability of the groin structure and the availability of channel width effectively for the purpose of navigation 6) . For a better understanding of the flow and/or bed deformation in groin fields, many studies have been conducted in case of single groin. But in practice, groins are usually organized in a group, so a lot of studies are still needed.
This study intends to investigate the flow and local scour around two impermeable or permeable groins. Both laboratory experiments and numerical simulations are conducted. Experiments are able to provide reliable information under specific and controlled conditions. The similarities in process like flow separation and the formation of vortices will allow more generic applications for validate modeling tools. In view of these, a 3D numerical model based on unstructured meshes was developed. The simulated results were compared with experimental results. 
LABORATORY EXPERIMENT
Laboratory experiments are conducted at the Ujigawa Open Laboratory, DPRI, Kyoto University, in a straight flume of 10m-long, 0.80m-wide and 0.28m-deep (0.45m-deep in test region). For all experiments, the bed slope of the channel was adjusted to 1/800. The detailed sketch of the experimental set-up is shown in Fig.1 . The x-axis starts from the beginning of the movable bed, the y-axis from the right wall of the flume and the z-axis from the initial flat bed level. There is a fixed bed, made of wooden plank elevated 10cm above the bottom at the upstream entrance. The function of the wooden plank is to smoothen the flow. Two groins are placed perpendicular to the channel banks on the left side of the flume in the test region. In Case 1, impermeable groins, made of wooden cuboids, are used. In Case 2, permeable groins, a series of round sticks, are designed to have a permeability of 50%. The sediment utilized is coal with a mean diameter of 0.83mm and a specific gravity of 1.41.
The experiments are conducted under uniform flow conditions. The hydraulic parameters adopted for these experiments are given in Table 1 . Uniform flow condition is established by adjusting the tailgate height of the flume. Constant rate of sediment is supplied continuously from the upstream boundary of the flume to maintain the dynamic equilibrium state. The dry sediment is mixed with water before it is supplied in order to avoid the dispersion effects. The sediment transport rate is evaluated with the bed load transport formula proposed by Ashida-Michiue 7) , but the amount of sediment is finally adjusted from some trial experiments. Five hours duration for each experiment are found sufficient for the attainment of dynamic equilibrium condition.
At the downstream boundary, a tailgate is used to control the water level. The water level is measured with a point gauge and the bed deformation is obtained through a laser sensor after the flume has been completely drained out. For the measurement of velocity field, cements are used to fix the final bed deformation. After fixing the bed, the same discharge is imposed to measure the flow velocities around the groins and two electromagnetic velocimeters are utilized, one with an I-shape sensor and another with an L-shape sensor. Considering the bed roughness effects there is no difference between cements and sediments (coal) that could cause changes in the velocity results.
NUMERICAL MODEL
For the time being, the numerical model is used to simulate the flow field based on fixed-bed conditions. The governing equations of proposed numerical model are based on the steady 3D RANS (Reynolds-averaged Navier-Stokes equations) and the continuity equation, which can be expressed in a Cartesian coordinate system with the tensor notation as follows.
( ) 
where k= turbulence kinetic energy; ij δ = the Kronecker delta; v t = eddy viscosity and S ij = the strain-rate tensor, the latter three are expressed by
in which C µ is a coefficient, and is set to be a constant and equal to 0.09, ε is the dissipation rate of the turbulence kinetic energy k. Two transport equations as described below are employed to estimate k and ε , respectively. where G= the rate-of-production of the turbulence kinetic energy k, is defined as
and the model constants are used as suggested by Rodi 8) .
A detailed presentation about the numerical schemes, discretization methods, solution methods, equation solvers and the convergence criteria is given by Zhang et al. 9) . In the simulation, the inlet boundary is considered as a Dirichlet boundary and all the quantities are prescribed. The outlet boundary has been set far from the groin area, a Neumann boundary with zero gradients is assumed there. The wall function approach is adopted near impermeable boundaries. The permeable groin is expressed as a cluster of impermeable groins and each permeable groin is expressed with some fine meshes in the simulation.
The simulation sequence follows the SIMPLE (Semi-implicit method for pressure-linked equations) procedure. At first, the momentum equations are solved for each velocity components, in which the pressure, the eddy viscosity, the turbulent kinetic energy and its dissipation rate are considered as known. The resultant velocity field is used to calculate the mass fluxes through faces of Control Volumes. After the pressure correction equation is solved, the velocity field is improved. Finally, the transport equations for the turbulent kinetic energy and its dissipation rate are solved and the eddy viscosity is updated.
The above procedures are repeated until the residual level becomes sufficiently small or the prescribed maximum iteration step number is covered. 
RESULTS AND DISCUSSIONS (1) Experimental results
The bed contours at equilibrium condition in both cases are shown in Fig.2 . It can be seen that the erosion around the upstream groin in Case 1(impermeable groin) is deeper than that in Case 2 (permeable groin). The maximum depths of scour hole around the upstream groin in Case 1 and 2 reach about 15cm and 2cm, respectively. The deposition area in Case 1 is concentrated in the downstream region of the downstream groin due to the reduction of the velocity and recirculation flows occurring in this region. On the other hand, in Case 2, the deposition area is distributed throughout the channel with a small concentration downstream of the downstream groin. The longitudinal profiles of water level and bed level along the channel (y=40cm and y=72cm) in Cases 1 and 2 are shown in Fig.3, Fig.4, Fig.5 and Fig.6 , respectively.
The level z=0cm denotes the initial bed level. The longitudinal section y=40cm corresponds to the centerline of the flume and y=72cm corresponds to the longitudinal section 8cm from the left wall of the channel. In both cases, a small increase of the water level near the groins can be seen, probably The velocity distributions of experimental and simulated results around impermeable groins at depth z=2.0cm are shown in Fig.7 and Fig. 8 , respectively. The magnitude of the simulated velocity agrees well with that of the experiment. When the flow approaches the upstream groin, major part of the obstructed flow diverts to the main channel, which creates a mixing zone in front of the groin head. A part of the flow travels downstream which creates recirculation flow between the groins.
Comparing the simulation results with the experimental ones, the flow structures are quite similar in the upstream area of the groins but differ to some extent in the downstream area. A clear recirculation flow is observed in the simulation results comparing with the experimental results. For the permeable groins, the velocity fields around the groins of experimental and simulated results are shown in Fig.9 and Fig.10 , respectively.
In this case, the flow directions are not greatly changed. It can be seen that just after passing the upstream groin, the flow direction diverts to the right side wall in the experimental results. At the downstream of the upstream groin, reduction of velocity occurs, but after the flow passed the downstream groin the reduction becomes more significant. The sediment deposition observed downstream of the downstream groin (see Fig.2 bottom) could be caused by this velocity reduction.
Compared with Case 1 (impermeable groins), the flow patterns in Case 2 show practically parallel to the channel near the groins head.
c) Velocity distribution near the upstream groin in YZ plane -Case 1
The velocity vectors in YZ plane near the upstream groin of experimental and simulation results are shown in Fig. 11 and Fig. 12 , respectively.
The longitudinal position of this cross section is x=362cm, just 2.25cm upstream of the upstream groin, seen from downstream to upstream. From the experimental results, the recirculation flow near the upstream groin is quite similar to the computed results. The bed erosion around the upstream groin probably results from the influence of this recirculation flow that is more evident near the groin (from y=65cm to y=80cm). It means the flow is attacking the channel bank and can cause the erosion in this region. Hence bank protection measures are needed when this kind of groin is utilized.
The case of permeable groin is not shown here because the flow passing through the piles causes a little recirculation upstream of the upstream groin and without causing significant erosion compared with the case of impermeable groins (see Fig.2 bottom).
CONCLUSIONS
The flow pattern and bed deformation around impermeable or permeable groins have been studied in experimental flume with non-submerged scour condition.
Experimental result indicates the influence of the permeability on the bed deformation and flow structures around groins. Under the same hydraulic conditions, the erosion around the upstream groin is significantly deep in the case of impermeable groins compared with the case of permeable groins. The developed numerical model can simulate the flow structures around groins quite reasonably in deformed fixed bed conditions. Further 3D model simulations are expected in future works to validate the applicability of the numerical model in other cases such as movable bed and/or submerged conditions and to compare of the results with more experimental data. The model should also be compared with field data where the results depend on the different conditions that are not considered in this study.
ACKNOWLEDGMENT:
The financial support provided by the Monbukagakusho (Ministry of Education, Culture, Sports, Science and Technology, Japan) to the first author is gratefully acknowledged. Special thanks are due to Daizaburo Touchi for his support during the experiments.
